The discovery of the sources of the highest energy cosmic rays will reveal the workings of the most energetic astrophysical environments in the recent universe. Candidate sources range from the birth of compact objects to explosions related to gamma-ray bursts or generated around supermassive black holes in active galactic nuclei. In addition to beginning a new era of highenergy astrophysics, the study of ultra-high energy cosmic rays will constrain the structure of the Galactic and extragalactic magnetic fields. The propagation of these particles from source to Earth also probes the cosmic background radiation and gives insight into particle interactions at orders of magnitude higher energy than can be achieved in terrestrial laboratories. Next generation observatories designed to study the highest energy cosmic rays will have unprecedented sensitivity to ultra-high energy photons and neutrinos, which will further illuminate the workings of the universe at the most extreme energies. For this challenge to be met during the 2010-2020 decade, a significant increase in the integrated exposure to cosmic rays above 6 10 19 eV will be necessary. 
A fundamental question that can be answered in the next decade is: WHAT IS THE ORIGIN OF THE HIGHEST ENERGY COSMIC PARTICLES?
The discovery of the sources of the highest energy cosmic rays will reveal the workings of the most energetic astrophysical environments in the recent universe. Candidate sources range from the birth of compact objects to explosions related to gamma-ray bursts or generated around supermassive black holes in active galactic nuclei. In addition to beginning a new era of highenergy astrophysics, the study of ultra-high energy cosmic rays will constrain the structure of the Galactic and extragalactic magnetic fields. The propagation of these particles from source to Earth also probes the cosmic background radiation and gives insight into particle interactions at orders of magnitude higher energy than can be achieved in terrestrial laboratories. Next generation observatories designed to study the highest energy cosmic rays will have unprecedented sensitivity to ultra-high energy photons and neutrinos, which will further illuminate the workings of the universe at the most extreme energies. For this challenge to be met during the 2010-2020 decade, a significant increase in the integrated exposure to cosmic rays above 6 10 19 eV will be necessary. The technical capabilities for answering this open question are at hand and the time is ripe for exploring Charged Particle Astronomy.
Fig. 1: Map in galactic coordinates of AGNs in the VCV catalog with z < 0.018, D < 75 Mpc (red stars) and 27 events with E > 5.7 10 19 eV (black 3.2 o circles) observed by the Auger Observatory [1]. The solid line outlines the field of view. Blue shading indicates regions of equal exposure. The dashed line is the Supergalactic plane and Centaurus A is marked in white.

Introduction
Cosmic rays with energies that can exceed 10 20 eV confront us with some of the most interesting and challenging questions in astrophysics: Where do they come from? How can they be accelerated to such high energies? What kind of particles are they? What do they tell us about these extreme cosmic accelerators and their large-scale structure distribution? How strong are the magnetic fields that they traverse on their way to Earth? How do they interact with the cosmic background radiation? What can we learn about particle interactions at these otherwise inaccessible energies?
Although the first detection of ultra-high energy cosmic rays (UHECRs) dates back to 1962 [2] , it was only during the 1990s that an international effort began to address these questions with the necessary large-scale observatories. The largest detectors operating during the 1990s were the Akeno Giant Air Shower Array (AGASA) [ With an exposure of 10 3 km 2 sr yr, the important question of whether the spectrum of UHECR exhibits the well-known GZK effect had contradictory answers: AGASA reported an excess flux unlike the expected suppression while early results from HiRes were consistent with the GZK prediction. The GZK effect is named after Greisen [5] , Zatsepin, and Kuzmin [6] who predicted in 1966 a dramatic steepening of the spectrum above a few times 10 19 eV caused by the interaction of ultra-high-energy cosmic rays with the cosmic microwave background (CMB) as they propagate from an extragalactic source to Earth. The result of these interactions is pion photoproduction in the case of proton primaries and photo-dissociation for heavier nuclei.
Fig. 2. flux x E
3 HiRes [7] and AGASA(left); deviation from E -2.69 Auger [8] (right).
In 2008, HiRes [7] published the first significant observation of the GZK suppression, as displayed in Fig. 2 The confirmation of the GZK feature settles the question of whether acceleration in astrophysical sources can explain the high-energy spectrum, ending the need for exotic alternatives that avoid the GZK feature. This landmark measurement also opens the way to astronomical searches for sources in the nearby extragalactic universe using the arrival directions of trans-GZK cosmic rays. Above the GZK threshold energy, observable sources must lie within about 100 Mpc, the so-called GZK horizon or GZK sphere. Fig. 3 shows the fraction of cosmic rays that arrive on Earth from a given distance for different energy protons (from 4 to 9 10 19 eV, left) and for different nuclei (protons, He, CNO, and Fe) arriving with 6 10 19 eV (right). One can define the GZK horizon as the distance from which 50% of primaries originate, which ranges from 150 Mpc to 10 Mpc in Fig.3 At these energies light composite nuclei are promptly dissociated by CMB photons, while protons and iron may reach us from sources at distances up to 100 Mpc. Matter is known to be distributed inhomogeneously within the GZK sphere, so the cosmic ray arrival directions should exhibit an anisotropic distribution above the GZK energy threshold, provided intervening magnetic fields are not too strong. At the highest energies, the isotropic diffuse flux from sources beyond the GZK radius is strongly suppressed. Observation of the expected anisotropy above the GZK threshold was first reported in 2007 when Auger showed that the arrival directions of 27 cosmic rays with energies above 5. 7 10 19 eV exhibit a statistically significant correlation with the anisotropically distributed galaxies in the 12th Veron-Cetty & Veron [11] (VCV) catalog of active galactic nuclei (AGN) [1] . Analysis of an independent data set confirmed anisotropy at a confidence level of over 99%. No corresponding correlation was observed in the northern hemisphere by HiRes [12] , which examined their 13 highest energy events and found the distribution to be consistent with isotropy at 97% probability. With the small number of events, it is not yet clear what these results may indicate about the sources or their distribution. However, the Auger observation of anisotropy suggests that above an energy of about 6 10 19 eV, Charged Particle Astronomy is feasible.
Candidate Sources
Cosmic rays can be accelerated in astrophysical plasmas when the energy from large-scale macroscopic motions, such as shocks, winds, and turbulent flows, is transferred to individual particles. Basic requirements on cosmic accelerators for reaching energies of 10 20 eV are summarized in Fig. 4 in what is known as a Hillas plot [13] , where the typical magnetic field B of an astrophysical object is plotted versus its size L. The maximum energy of accelerated particles, E max , can be estimated by requiring that the gyroradius of the particle be contained in the acceleration region: E max < Z BL, where Z is the charge of the particle. These extreme requirements leave a small number of known types of objects as possible candidates that range in size from neutron stars to cluster shocks. The Auger AGN correlation argues that some sources cannot be much further than about 100 Mpc, which rules out rare and distant sources, such as massive clusters of galaxies and the most powerful radio galaxies. With only 27 events it is difficult to reach any definite conclusion, but there seems to be a number of events in the neighborhood of Centaurus A, while M87 is tantalizingly quiet (see Fig. 1 ). [14] .
Although the correlation with the VCV catalog has stimulated much activity in models based on AGN acceleration, the observed correlation does not prove that AGNs are the UHECR sources. Since the position of active galaxies in the VCV catalog are themselves correlated with the large-scale distribution of matter within the GZK sphere, any type of source that displays this overall distribution is a plausible candidate. The Auger trans-GZK events also correlated with PSCz sources [15] , with HI emitting galaxies [16] , and Swift hard X-ray sources [17] . These catalogs also trace the large-scale matter distribution in the local universe. The sources could even reside in ordinary galaxies, especially if they are transient, such as gamma-ray bursts.
A combination of large sky exposure and precise spectrum and composition measurements is required to discover the cosmic accelerators responsible for these extreme particle energies. The diffuse spectrum convolves source injection with source density evolution and propagation through cosmic backgrounds. More sensitive overall spectral measurements will help determine the source density and evolution, and may test fundamental physics. Theories of the nature of space-time approaching the Planck scale can admit or imply violations of Lorentz invariance, which may modify the GZK effect above 10 20 eV [18] . Competing models of the cosmic accelerators will be best tested when we precisely measure the cosmic ray spectrum of individual sources. This is now known to be feasible for a cosmic ray observatory, limited only by the amount of exposure to each source.
Multimessenger Studies
Understanding the production and propagation of cosmic rays has ramifications for all aspects of high-energy astrophysics. The sources of UHECRs are likely to emit energetic neutrinos and gamma rays that may be observed by present and future observatories. With the GZK effect firmly established in the contemporary universe and with knowledge of the cosmic ray spectrum and composition, cosmological models give clear expectations for the spectrum of diffuse neutrinos which should have accumulated over cosmic time. Neutrino observations are especially important in the 10 15 eV energy range since the cosmic microwave background excludes extragalactic gamma rays above 10 14 eV (Fig. 5) . The IceCube Observatory and other large neutrino detectors of the future will have the capability to measure the lower energy part of the GZK neutrino spectrum, which results from neutron beta decays, while radio and acoustic techniques (e.g., RICE, ANITA) are able to probe the high energy end. Neutrino observatories may also measure astrophysical neutrinos coming straight from the hearts of cosmic ray sources themselves. UHECR observatories can detect a few GZK neutrinos per year above ~10 18 eV. The Auger Observatory has recently announced the most stringent tau neutrino flux limit for energies ~ 10 18 eV to 10 20 eV [19] (Fig.6 ), while ANITA announced the strongest limit on three flavors ~ 10 19 eV to 10 22 eV [20] (Fig.7) . [19] . Gamma-ray astronomy has two windows of opportunity to help determine the origin of UHECRs. Below 10 14 eV, where photon attenuation by cosmic background radiation is not significant (Fig. 5) , high-energy gamma ray observatories will provide invaluable detailed information about candidate sources. The Fermi Gamma-ray Space Telescope offers a new look at sources of gamma rays from ~2 10 7 to 3 10 11 eV. Above these energies, VERITAS, MAGIC, and HESS are revealing new details about sources of gamma rays from ~3 10 10 eV to 3 10 13 eV. Plans for HAWC, AGIS, and CTA offer exciting prospects for future multi-messenger studies.
Fig. 6: Auger tau neutrino limit
A new gamma-ray window that will be opened with large aperture UHECR observatories is the direct detection of photons at energies above the CMB attenuation, above ~10 19 eV. Auger South has demonstrated great potential to search for photons among cosmic rays, by setting the best limits on the fraction of photons at these energies [21] . The lack of observation of photons or neutrinos strongly disfavors top-down models. The decay of GZK neutral pions gives an expected photon flux, which should be detectable with proposed larger aperture UHECR observatories.
The cosmic ray spectrum and composition at lower energies will also help us to understand the origin of cosmic rays by studying the transition between Galactic to extragalactic cosmic rays. Projects such as the Telescope Array Low Energy Extension (TALE), and the Auger South enhancements, AMIGA (Auger Muons and Infill for the Ground Array) and HEAT (High Elevation Auger Telescopes), show great promise in making these accurate measurements.
Magnetic Fields
UHECRs are charged particles and thus provide a way to measure integrated magnetic fields: the deflection angle relative to a known source position is inversely proportional to energy. Protons with energies above 6 10 19 eV traversing magnetic fields of 10 -6 G over a kpc (or 10 -9 G over a Mpc) experience deflections of order 1 o . To study our magnetic environment in all directions in this way, it is necessary to measure cosmic ray deflections in all parts of the sky. The combination of full-sky measurements and large aperture can map out nearby sources and determine the typical deflections from source to Earth. The correlation of arrival directions with Right: events remaining after cuts to remove anthropogenic interference. 6 events remain in the horizontally polarized group, but these are non-candidates for neutrino events, as discussed in the text.
randomly into the data stream, and the final energy-averaged efficiency of all cuts is estimated to be 81%.
In Figure 2 we show the before-and-after maps of reconstructed ANITA-1 events superposed on the Antarctic continent. The strong correlation to a small number of stations is evident. The 6 surviving Hpol events are by contrast widely distributed across the continent, with no known camps or bases, either current or former, anywhere in their locale. We have investigated the possibility of impulsive signals from earth-orbiting satellites seen in reflection off the ice surface as a source for these events. This hypothesis is ruled out because the waveforms for these events do not show any evidence of differential group delay from ionospheric dispersion which is several ns per MHz in the 200-400 MHz frequency range where these events have most of their spectral power. In fact the signals are all of durations less than 10 ns. We know of no other anthropogenic sources for these events.
With regard to possible physics sources, our simulations of the high-frequency tail of impulsive geo-synchrotron radio emission [13, 14, 15] from ultra-high energy cosmic ray extensive air showers (EAS) suggest that these signals may be EAS events seen in reflection off the ice surface [9] . Such events are expected to be predominantly Hpol because of the strong Fresnel reflectivity in the region near Brewster's angle, and the overall initial preference for Hpol because of the more vertical polar magnetic fields. Our simulations predict a handful of such events for the flight, all of which arise from UHECR EAS with energies above 10 19 eV; however, the uncertainties are large [9] . While these events do not constitute a background for our neutrino search because of their incorrect polarization, they are a potentially interesting signal in their own right. Further analysis, including a search for similar events from above the horizon, is in progress. [16] , RICE [17] , ANITA-lite [8] , Auger [18] , HiRes [20] , FORTE [19] . The BZ (GZK) neutrino model range is determined by a variety of models [11, 21, 23, 25, 26, 27, 29] .
Based on the approach described in Refs. [19, 24] , the resulting model-independent 90% CL limit on neutrino fluxes with Standard Model cross-sections [22] is shown in Fig. 3 . Here we have included the net livetime and 81% analysis efficiency. Exclusion of the volume of ice near all camps and events reduces the net effective volume by a few percent. We AGNs out to 75 Mpc already implies new limits on average intergalactic magnetic field strengths. With increased exposure, trans-GZK cosmic rays offer an important probe of the magnetic environment in our region of the cosmos, with implications for cosmology and astrophysics.
Opportunities for the Next Decade
The 2010-2020 decade should be remembered as the time when charged particle astronomy was developed. This new window is expected to open at ultra-high energies due to the weakening effect of cosmic magnetic fields combined with the limited volume containing observable sources. This expectation was recently verified with the detection of particles with energies above 6 10 19 eV that appear to preferentially follow the distribution of AGN within 75 Mpc from Earth. To fully explore this new view of the universe, next-generation observatories need to be built that observe the full sky and can reach an order of magnitude increase in exposure. Auger South will add about 7 10 3 km 2 sr yr each year in exposure in the south with a total accumulation reaching about 10 5 km 2 sr yr at the end of the decade. TA will add about 2 10 4 km 2 sr yr to the northern exposure. Given the number of trans-GZK events observed by Auger South thus far, an estimate of astronomically useful events that current observatories could detect by 2020 would be less than 500. For comparison, the number of AGNs in the VCV catalog within 100 Mpc is about 700. Clearly progress to unveiling the sources of UHECRs will be hampered by the lack of enough exposure to even the nearby sources.
Large aperture projects are being proposed to meet the need for full sky coverage and increase in exposure over the next decade: the ground-based Auger North Observatory[22] and the space-based JEM-EUSO [23] , OWL [24] , and Super-EUSO [25] . The Pierre Auger Collaboration has proposed to build the northern observatory in the southeast corner of Colorado that would increase the number of observed trans-GZK events to about 2,000 over the next decade. Auger North will use the same techniques as Auger South and will provide a complementary view of the sky optimized to observe at trans-GZK energies. The spacing between tanks of the 20,000 km 2 array will be 2.3 km, providing full aperture at 6 10 19 eV and above. The design calls for full fluorescence coverage to ensure accurate energy, direction, and composition measurements for trans-GZK events.
To reach even larger instantaneous apertures, the alternative to ground observatories is to deploy dedicated observatories in space that can observe UHECR showers in the atmosphere by looking down toward the Earth. The Extreme Universe Space Observatory on the Japanese Experiment Module (JEM-EUSO) is being planned for deployment on the International Space Station. JEM-EUSO uses a near-UV telescope with 2.5 m diameter and 60 o field-of-view to detect fluorescence from UHECR events. JEM-EUSO may detect ~1,000 particles above 7 10 19 eV in a three year mission.
The Orbiting Wide-Angle Light Collectors (OWL) mission employs two telescopes separated by ~ 600 km in 1,000 km near equatorial orbits to stereoscopically image fluorescence from UHECR. Developed in formal NASA instrument and mission studies, the baseline 3 m optical-aperture UV telescopes launch on a single conventional vehicle. OWL reaches full aperture at 10 19 eV and a 5 yr OWL mission would deliver ~10 6 km 2 sr yr. Super-EUSO is a European-led effort also based on a free-flyer mission.
The time is ripe to explore the hints given by Auger South that there are sources of UHECRs that can be identified with a significant increase in exposure to trans-GZK events. Auger North is now in the R&D phase and can start construction by 2010. JEM-EUSO could fly as soon as 2013. This decade may also witness the launch of OWL and Super-EUSO and the development of radio and acoustic detection techniques. With a coordinated effort, the next generation observatories can be built to explore some of the ~ 5 million trans-GZK events the Earth's atmosphere receives per year.
"Whatever happens, in a subject where the dullest and most conventional theories involve massive, spinning, black holes, ultra-relativistic blast waves and 100 GT fields threading nuclear matter, the future is guaranteed to be interesting." -Roger Blandford 1999 [26] 
